Carotenoids and their metabolic derivatives serve critical functions in both prokaryotic and eukaryotic cells, including pigmentation, photoprotection and photosynthesis as well as cell signaling. These organic compounds are also important for visual function in vertebrate and non-vertebrate organisms. Enzymatic transformations of carotenoids to various apocarotenoid products are catalyzed by a family of evolutionarily conserved, non-heme iron-containing enzymes named carotenoid cleavage oxygenases (CCOs). Studies have revealed that CCOs are critically involved in carotenoid homeostasis and essential for the health of organisms including humans. These enzymes typically display a high degree of regio-and stereo-selectivity, acting on specific positions of the polyene backbone located in their substrates. By oxidatively cleaving and/or isomerizing specific double bonds, CCOs generate a variety of apocarotenoid isomer products. Recent structural studies have helped illuminate the mechanisms by which CCOs mobilize their lipophilic substrates from biological membranes to perform their characteristic double bond cleavage and/or isomerization reactions. In this review, we aim to integrate structural and biochemical information about CCOs to provide insights into their catalytic mechanisms.
Introduction
The most widespread color pigments found in nature, carotenoids comprise a >600 member class of fat-soluble isoprenoid compounds with up to fifteen conjugated double-bonds. These compounds are synthesized by many types of organisms ranging from archaea and eubacteria to eukaryotes (algae, fungi and plants) (for review, see [1] ) and perform a host of functions in living organisms that can be related to either the light-absorbing and antioxidant properties of their polyene backbone chains or their ability to act as signaling molecules. For instance, their well-known pigmentation allows them to impart colors to plants and various animals (birds, marine organisms, etc.). Such coloring improves the chance of reproductive success by attracting insects to disperse pollen in plants or by increasing the sexual attractiveness in animals [2] . A second highly important physiological function pertains to their light capturing, photoprotective and anti-oxidant properties. Carotenoids are important accessory pigments for light capture by the light harvesting complex in photosynthetic organisms. The conjugated double bond system of b,b-carotene can absorb light over a broad range of wavelengths in the blue region of the visible light spectrum and subsequently transfer that energy to chlorophyll (reviewed in [3] ). Their polyene structure also allows them to react with free radical products and thereby limit damage by excessive light exposure or free radical metabolites (recently reviewed in [4, 5] ). Carotenoids and their derivatives are also essential for human health playing key roles in ontogeny, immune function and light perception by the eye. However, animals (including humans) cannot synthesize carotenoids de novo but instead obtain these compounds from their diet.
In living organisms, carotenoids can be enzymatically converted to a wide array of products. One such group, termed apocarotenoids, is generated by cleavage of a double bond within the polyene backbone by molecular oxygen forming aldehyde or ketone groups at the scissile double bond position. The first evidence suggesting the existence of a specific carotenoid cleavage enzyme can be traced back to 1965, when two groups reported an enzyme from rat liver and intestine that centrally cleaved b,b-carotene to form retinal [6, 7] . However, it was not until more than thirty years later, that the first member of this group, named Viviparous 14 (vp14), was cloned and molecularly identified in a screen for viviparous maize seed that showed a decreased level of abscisic acid (ABA) 1 resulting from the vp14 mutation [8] . This breakthrough facilitated the identification and biochemical characterization of several additional carotenoid cleavage enzymes, not only in plants but also in animals, fungi and bacteria [9] [10] [11] [12] .
These cleavage enzymes belong to a family of non-heme iron enzymes named carotenoid cleavage oxygenases (CCOs). The overall amino acid sequence identity among family members is variable and can approach random levels. However, the family possesses consensus regions of absolute sequence conservation including the four fully conserved, iron-coordinating His residues. These enzymes exist in all kingdoms of life except Archaea and play important roles in maintaining carotenoid and retinoid homeostasis. CCOs typically display a surprisingly high degree of regio-and stereo-specificity for various carotenoid substrates [13] . All conjugated double bonds in carotenoid rigid backbones are potential cleavage sites, and their cleavage by CCOs requires dioxygen resulting in a large variety of apocarotenoids involved in various physiological processes.
In recent years, many efforts have been focused on elucidating the CCO-catalyzed reaction mechanism(s). Recently obtained structural information on CCOs has provided valuable insights into these processes. Since 2005, crystal structures have been solved for three different CCOs members: apocarotenoid oxygenase (ACO) from cyanobacteria Synechocystis [12] , RPE65 from Bos Taurus [14] , and VP14 from Zea mays [15] . These structural data together with well-documented biochemical and functional properties of these enzymes provide unprecedented insights into the structural basis for the functional diversity of this protein family.
CCOs display high substrate and cleavage site specificities VP14 was the first CCO member found to be involved in ABA synthesis, an important hormone that regulates seed maturation and responses to various stresses in plants [16, 17] . Subsequent study of this recombinant enzyme confirmed that VP14 cleaves 9-cis-violaxanthin at its C 11 -C 12 double bond to generate xanthoxin, the immediate precursor for ABA biosynthesis [18] . Homologybased analysis with the vp14 sequence helped to identify many other CCOs in plants. Two functionally different groups have been documented to date. The first group is represented by CCDs (carotenoid cleavage dioxygenases). Members in this group cleave the polyene backbone either symmetrically or asymmetrically. CCD7 from Arabidopsis cleaves b,b-carotene asymmetrically at the 9, 10 position, producing b-ionone and apo-10 0 -b-carotenal; this C 27 product can be further cleaved by CCD8 at the 13, 14 position generating the C 18 product, apo-13 0 -b-carotenal [19] . Recently, CCDs and b,b-carotene have been shown to play critical roles in the synthesis of the plant hormone strigolactone [20] . Whereas some members recognize and accept specific carotenoids or apocarotenoids, others are more promiscuous in their substrate specificity. For instance, CCD1 from maize specifically cleaves at the 9, 10 position of both cyclic and acyclic carotenoids (e.g. lycopene, b,b-carotene, and zeaxanthin) [21] . Subsequent research found the C 5 -C 6 double bond also is a cleavage site for CCD1 [22, 23] . The second group, named NCEDs (9-cis-epoxy-carotenoid dioxygenases), shares a cluster with VP14, and all are implicated in ABA biosynthesis. All NCEDs cleave 9-cis-epoxycarotenoids at the 11, 12 position to yield the ABA precursor xanthoxin [8, 18] . A kinetic study of VP14 revealed that the 9-cis configuration is strictly required for cleavage activity, but also showed that some flexibility is permitted in the ring structure both distal and adjacent to 9-cis double bond including the presence or absence of an epoxide group [18, 24] .
The human genome encodes three CCO members, all of which have been biochemically characterized. Two members, b,b-carotene oxygenase 1 (BCO1) and b,b-carotene oxygenase 2 (BCO2), play critical roles in dietary carotene metabolism, catalyzing the oxidative cleavage of b,b-carotene at distinct double bonds in the polyene backbone (Fig 1) . BCO1 cleaves at the central 15, 15 0 site and thus converts b,b-carotene into two molecules of retinal, which is a precursor for visual chromophore (11-cis-retinal) and other signaling molecules such as all-trans-retinoic acid. Therefore, BCO1 is an essential participant in the mammalian visual cycle, embryonic development and regulation of gene transcription, especially in the absence of dietary sources of preformed vitamin A (e.g. retinyl esters). Analysis of substrate specificity revealed that two b-ionone rings of the carotenoid substrate are specifically required for the oxidative cleavage reaction, indicating a limited substrate spectrum for BCO1. By contrast, BCO2 cleaves primarily at the 9, 10 site of a broad range of carotenoid substrates, including b,b-carotene, 5-cis and 13-cis lycopene isomers [25, 26] . Additionally, the enzyme can cleave xanthophylls and 4-oxo-carotenoids [27, 28] . The third CCO member, known as retinal pigment epithelium protein with an apparent molecular mass of 65 kDa (hence the name, RPE65), shares significant sequence homology with BCO1/2 (Fig 2) but was identified as an isomerase rather than a carotenoid oxygenase [9, [29] [30] [31] . RPE65 specifically cleaves and isomerizes all-trans-retinyl esters to generate 11-cis-retinol and a fatty acid (Fig 1) , a key step for regeneration of the visual chromophore, 11-cis-retinal, in vertebrates [29, 30] . Interestingly, CCOs in microorganisms display relatively broad substrate specificities. One of the best examples is ACO from cyanobacteria, which specifically cleaves apocarotenoids of various polyene chain lengths from C 20 to C 27 (C 4 0 ). This enzyme accepts either terminal aldehydes or alcohol distal to the ionone ring end as well as apocarotenoids with and without a 3-hydroxy group on their b-ionone rings, but it selectively cleaves at the 15, 15 0 double bond position within these diverse apocarotenoids to generate C 20 retinal and a second aldehyde product [12, 13] .
Conserved architecture of CCOs
The available crystal structural data reveal a striking architecture consisting of a rigid seven-bladed b-propeller among CCOs from eubacteria to plants and mammals (Fig 3) . In all three solved structures, blades I, II, IV and V consist of four antiparallel b-strands; blade VI and VII have a single-strand extensions and therefore contain five antiparallel strands. The third blade of RPE65 contains a two-strand extension not present in ACO and VP14 structures. Notably the rigid seven b-propeller scaffold can be viewed as the key structural signature of all CCO family members (Figs 2 and 3 ).
All three CCO secondary structures start with a-helices. Moreover, a-helices, short, two-strand b-sheets and various loop regions serve as transitional elements connecting b-strands within each blade, thus bringing separate propeller motifs together (Fig 3) . The connectivity of the core propeller fold is identical amongst the three enzymes. Interestingly, although the bottom face of the propeller has some short a-helices bridging the strands, most helical elements are crowded together on the top face of the propeller domain (Fig 3) . The a-helix elements, along with strands and extended loops, come together to form a large dome region above the b-propeller domain. In contrast to the propeller portion, the arrows, respectively. The strictly conserved iron-coordinating His residues ( ) and their fixating Glu residues ( ) are labeled. Dots mark every tenth residue. The sequences were aligned with T-coffee [75] and the figure was generated with ESPript [76] . structure of the dome region exhibits more diversity with respect to both sequence homology and tertiary structure (Figs 2 and 3) . Covered by the dome, the ferrous iron cofactor strictly required for cleavage activity is bound near the top face of the propeller on its central axis. This Fe 2+ ion is coordinated by the N e atoms of four absolutely conserved His residues (Figs 2 and 4). The innermost strand and immediately surrounding loop regions of blades II, III, IV and VII each contribute a single iron-coordinating His residue. In addition, three of the four His residues hydrogen bond to a set of three conserved Glu residues that are found in the innermost strand or surrounding loop regions from three remaining propeller blades. These Glu residues form a second coordination sphere with average hydrogen bonding distances of about 2.9 Å. Of note, although the side chain of one of the conserved Glu The iron ion is shown as an orange sphere, with the six proposed coordination sites arranged in an octahedral geometry. Four sites are occupied by the strictly conserved His residues. The second coordination sphere formed by three conserved Glu residues most likely helps orient the direct His ligands and may modulate the iron redox potential. The di-cis apocarotenoid substrate modeled in the ACO structure is displayed as orange sticks. Dioxygen and water (red stick and blue sphere, respectively) are modeled in the two remaining coordination sites of the VP14 iron center. Glu 477 in VP14 points away from its putative coordinating His residue.
residues in the VP14 structure (Glu
477
, PDB accession code 3NPE) points away from its presumed His hydrogen bonding partner (Fig 4B) , inspection of electron density map in this region indicates that the Glu side chain is mis-modeled in the structure.
Catalytic center for the cleavage reaction
The requirement for divalent iron in CCOs is well documented [18, 26, [31] [32] [33] . The putative role of Fe 2+ is to activate oxygen for cleavage of carotenoid/apocarotenoid substrates [13, 34] . The ferrous iron center in these enzymes is invariably coordinated by four strictly conserved His residues, with three Glu residues forming the second coordination sphere (Fig 4) . The crystal structures of ACO and RPE65 show average Fe-N e bond lengths of 2.1-2.2 Å, a distance consistent with the 2.15 Å Fe-N e bond length measured for RPE65 by X-ray absorption spectroscopy (XAS) [35] . As indicated in the structure of iron-free ACO, this platform for iron-binding is rigid and does not change upon iron binding [12] . Mutagenesis studies of the key metal binding first and second sphere His and Glu residues, respectively, indicate that iron is absolutely required for CCOs to perform their catalytic roles and that both first and second sphere ligands contribute to catalytic function and iron binding [36] [37] [38] . Several excellent reviews provide detailed discussions about oxygen-activation by mononuclear non-heme iron containing oxygenases [39, 40] . As with other ferrous iron containing oxygenase enzymes, the iron cofactor in CCOs is used to activate triplet oxygen for reaction with singlet organic molecules, a process otherwise ''spin-forbidden'' [41] . Besides the four His residues two remaining cis-oriented coordination sites of the iron that face the active site cavity are vacant and available for exogenous ligands. In the VP14 structure, the electron density surrounding the cata- (Fig 4C) . A triangular-shaped electron density feature is in close proximity to the fifth and sixth coordination sites of RPE65's iron center. The shape and position of this density, which is maintained in RPE65 crystals obtained from protein purified from different detergents [35] , indicates the presence of a bound fatty acid potentially derived from the retinyl ester cleavage reaction (Figs 1 and 4 ). This RPE65 substrate-interaction model is further supported by XAS data, which suggests the presence of a bound carboxylate group at the open coordination site(s) of the iron [35] .
Often the iron at the active site of mononuclear non-heme oxygenases is coordinated by two or three protein ligands, usually a combination of His and other residues (mostly Asp, Glu, and Tyr). The four His coordination system utilized by CCOs is rare in nature and to date has been observed in only a few other protein families [42] [43] [44] . The imidazole-rich coordination and absence of strongly charge donating ligands are likely to stabilize the ferrous form of the enzyme. Indeed, chemical and spectroscopic analyses indicate that CCOs maintain iron in the ferrous form even following their aerobic purification in the absence of strong reducing agents [15, 35] .
Interestingly, Kloer et al. claimed that isomerization activity was embedded in Synechocystis ACO because an additional crooked, rod-shaped electron density feature appeared in the active site cavity after soaking ACO crystals with the substrate [12] . The apocarotenoid substrate could only be modeled into the crooked rod density by changing the C 13 -C 14 and C 17 -C 18 double bonds from a trans to a cis configuration. This study provided a novel model for a CCO-mediated carotenoid cleavage reaction that is accompanied by a potential isomerization process. However, electron densities for both the b-ionone ring and alcohol tail were invisible and only the central part of the substrate density was observed. From a chemical perspective, an evident energy source is lacking for the enzyme to overcome the unfavorable energy barrier needed for generation of this double-cis isomer. In addition, the crystals were obtained in the presence of polyethylene glycol and the detergent octylpolyoxyethylene. Those molecules also bear elongated carbon chains resembling the isoprene chain in the apocarotenoid substrate. So the possibility that the observed electron density at the active site might simply be a detergent or PEG molecule certainly cannot be ruled out. Furthermore, an analysis of ACO-catalyzed reaction products revealed that only low levels of isomerized products were detected by liquid chromatography [45] , which are most likely attributable to thermal isomerization. Therefore, the mechanisms for CCO-substrate interactions and their catalytic processes require further clarification.
A hydrophobic patch for membrane penetration
Substrates for CCOs are highly lipophilic and thus prefer to reside in a water-free environment. Indeed, large amounts of apocarotenoids are found in the thylakoid membrane of plants and microorganisms [46] . And in mammalian cells, carotenoids and their derivatives are stored in lipid droplets called liposomes as well as in other lipid-enriched organelles [47] [48] [49] . Thus, these soluble CCO proteins must adopt a mechanism to extract their lipidsoluble substrates. Biochemical studies revealed that CCO enzymes display variable levels of aqueous solubility. For example, BCO1 behaves largely like a soluble enzyme [50] , whereas RPE65 behaves like an integral monotopic membrane protein [51] . ACO can be expressed in a soluble form and purified without detergent [12] , but it requires detergent for optimal activity and binds to synthetic liposomes via hydrophobic interactions [52] .
Surface analysis of all three CCO structures reveals similar nonpolar patches consisting largely of protruding hydrophobic residues (Fig 5) . This hydrophobic patch is likely utilized by CCOs to bind membranes and extract hydrophobic substrates. In VP14, two antiparallel a-helices mainly consisting of hydrophobic residues (a1-helix from 88 to 108 and a2-helix from 222 to 237) form a large putative membrane-penetrating patch covering a surface area of 2200 Å 2 ( Fig 5B) . In addition, a few positively charged residues (e.g. Arg
89
) are found in the a1 helix and nearby loop region (e.g. Arg
373
). These residues may be involved in the interaction of VP14 with negatively charged lipid head groups. ACO bears a smaller patch with a 1000 Å 2 accessible surface area consisting mostly of Leu and Phe residues, as well as a few positively charged residues (Lys 123 and Arg 129, 266 ) located in the nearby loop region (Fig 5A) ) may also contribute to the overall hydrophobicity of RPE65 and thus mediate the interaction between the nonpolar patch region and membrane. Also, a number of positively charged residues are found in those regions as well (e.g. Lys
236
). These large, nonpolar hydrophobic patches seem to contribute to the overall hydrophobicity of CCO enzymes, explaining the requirement for detergent for their purification, crystallization and/or enzymatic activities. Previous studies suggested that RPE65 is reversibly palmitoylated by LRAT at Cys 231, 329, 330 , providing a potential strategy to regulate the membrane affinity and alter substratebinding activity of this enzyme [53] [54] [55] . However, both mass spectrometry and mutagenesis studies failed to support a palmitoylation modification of these Cys residues, and no electron density has been found in crystal structures of RPE65 extracted from its native environment [14, 37, 53, 56] . Therefore, reversible Cys residue palmitoylation is unlikely to regulate RPE65 membrane association and catalytic activity.
Interestingly, a subsequent study revealed a potential role for phospholipids in modifying RPE65 structure [35] . When the protein was extracted from microsomes and crystallized in a membrane-like environment, residues involved in the membrane interaction region adopted a substantially different and more ordered conformation as indicated by lower B-factors and a clearer electron density. A distinct change was the loss of the a5-helix and invisible chain containing residues 110-126 in the detergentsolubilized RPE65 displayed a weak but continuous electron density which is orientated parallel and close to the membrane surface. This segment was previously predicted to anchor RPE65 to the membrane [57] . And later studies found that an S-palmitoylated Cys 112 in the segment played an important role in mediating membrane association [14, 58] . However, more biochemical and structural studies are needed to determine whether this native membrane-induced conformational change also applies to other CCO enzymes.
Hydrophobic tunnels leading to the active site
Another prominent feature of CCOs is a tunnel extending from outside of the protein and entering its active center relatively perpendicular to the propeller axis (Fig 6, red mesh) . All tunnels in the three CCO structures pass by the iron and end with an interior Leu residue (Leu 446 in VP14, Leu 400 in ACO, and Leu 439 in RPE65). These long hydrophobic residue-constituted tunnels act as a conduit for the passage of lipophilic substrates. The mouths of these tunnels are surrounded by a large hydrophobic patch for membrane insertion as mentioned above, thereby providing an ideal lipophilic environment to accommodate the substrate. The tunnel hydrophobic residues (mainly Phe, Val, Leu), together with few aromatic and hydrophilic residues (Tyr, Trp and His), work in concert to interact with their hydrophobic carotenoids/apocarotenoids/retinyl ester substrates via van der Waals (hydrophobic) forces to guarantee both the specificity and correct orientation of substrate for the cleavage or isomerization reactions. Docking experiments by modeling 9-cis-violaxanthin into VP14 hydrophobic tunnels revealed that hydrophobic residues around the methylenecyclohexane group and isoprene chain of 9-cis-violaxanthin interact with this substrate via hydrophobic interactions and also hold it in register for cleavage. Notably, three Phe residues (Phe 171, 411, 589
) surrounding the cleavage site and catalytic iron as well as a Val residue (Val 478 ) at the proximal methylenecyclohexane group are key players for substrate and cleavage site specificity [15] . Mutagenesis studies also demonstrated the importance of those hydrophobic and aromatic residues in determining RPE65 isomerase activity, and recent studies indicates that aromatic residues in the proposed substrate tunnel of RPE65 determine the retinol isomerization process [59, 60] . Interestingly, most residues determining the shape of hydrophobic conduit are located in the extended loop and a-helical regions, with only a slight contribution from the wellconserved rigid b-propeller scaffold domain. Consistently, sequence alignment clearly reveals that regions of the greatest diversity are within the loop and helix sections (Fig 2) . The propeller domain in CCOs is highly conserved among evolutionarily separated species, whereas the dome region above the propeller demonstrates the most versatile structural properties. Therefore, residues comprising the dome regions appear to be the major determinants of substrate regio-and stereospecificity.
Curiously, extra tunnels have been found in all three CCOs structures (Fig 6, blue mesh) . Similarly, the amino residue components of those tunnels are mainly hydrophobic, with some hydrophilic residues facing the cytosol at the mouth. Three tunnels in VP14 and two in ACO are connected with their substrate tunnels at the catalytic center, so these could function as exit conduits for the aldehyde products (Fig 6, blue mesh) . Though a substantially narrower secondary tunnel of unknown functional importance was identified in the RPE65 structure, a constriction in this tunnel would prevent the passage of retinoid substrate or product. Moreover, an improved resolution RPE65 structure revealed wellordered water molecules in this tunnel [51] . Therefore, unlike VP14 and ACO, the RPE65 retinoid substrate entry and product exit most likely occur through the same tunnel. This difference in structure is due to an extension of the a-helical segment located between the inner strands of blade IV of the RPE65 structure, a region referred to as a ''metazoan loop '' [59] . The extension results in the formation of a three helix motif that packs tightly against other portions of the dome region, in contrast to the loose packing of the structurally analogous region in the ACO and VP14 structures. Although the conformation of this region is essentially invariant in the RPE65 structures reported to date, Redmond has proposed that this region could open to allow the entry/exit of compounds including RPE65 inhibitors [61] . However, direct structural evidence to support this hypothesis has yet to be obtained. Of note, each of the three CCO structures features a hydrophilic cavity that runs along the propeller axis and terminates just before reaching the iron center. The exact function of these tunnels is not clear but they may allow passage of water or other small molecules/ions e.g. O 2 or Fe 2+ , to the active center. However, the possibility that such molecules could also enter the active center via substrate/ product tunnels cannot be ruled out. Thus when CCOs associate with membranes, hydrophobic substrates are extracted and channeled into the nearby substrate tunnel where key residues promote the accurate orientation of the substrate mainly through hydrophobic interactions prior to substrate cleavage. In ACO and VP14, reaction products exit the active center via product exit tunnels, whereas in RPE65 both substrate and product most likely share the same tunnel to enter and exit the active site.
Reaction mechanisms
Despite numerous biochemical studies demonstrating the strict requirement of ferrous iron and oxygen for the cleavage reaction, the actual CCOs oxidative mechanisms still remain controversial. In the monooxygenase reaction, the double bond at the cleavage Fig. 6 . Tunnels leading to the active center of ACO (A), VP14 (B) and RPE65 (C). The red and blue mesh represent tunnels connecting the membrane binding region of the protein to the active site and the active site to cytosolic-facing regions, respectively. The location of rightmost portion of the red mesh corresponds to the sites indicated by arrowheads in Fig. 5 . Retinoid active site entry presumably occurs via the channel delineated by red mesh. Residues lining the tunnels are shown as sticks. Hydrophobic residues are colored in yellow, and both charged and polar residues are colored green. The catalytic iron is shown as an orange sphere.
site forms an epoxide intermediate with a reactive oxygen species, and only one of the two oxygen molecules participates in the reaction (Fig 7, left panel) . In an in vitro study using purified BCO1 from chicken intestinal mucosa, the cleavage reaction was initiated in the presence of both 17 [50] . Therefore, BCO1 is also named as BCMO1 (b,bcarotene-15, 15 0 -mono-oxygenase) and the latter term is now preferred.
In the dioxygenase reaction mechanism, however, two molecules of oxygen are involved in attacking the double bond in the substrate and forming a dioxetane intermediate. This unstable dioxetane species rapidly decays into two aldehyde products, and water molecules are not required for the reaction (Fig 7, right panel ). An isotope labeling experiment involving plant CCD1 from Arabidopsis thaliana shows that, when performed in an 18 O 2 atmosphere, 96% of the b-ionone keto-group and 27% of the aldehyde product were labeled with 18 O 2 derived oxygen [62] . Because aldehyde oxygens in reaction products exchange rapidly with those of bulk water, this could account for the decreased isotope signal in the aldehyde product. Therefore, this study favors a dioxygen mechanism. In another study that took advantage of available CCO structural information, a pure computational approach suggested that the dioxygenase mechanism is also preferred for the ACO enzyme [34] .
However, due to the nature of oxygen chemical exchange among different species, isotope-labeling experiments cannot be considered conclusive. Thus there has been criticism about the long incubation periods used for the reaction supporting the monooxygen mechanism [50] . Oxygen exchange between retinal, molecular oxygen and water during long incubation periods could cause inaccurate interpretations for the equal amounts of formed isolabeled products. Indeed, research already has shown that most of the oxygen in retinal exchanges with H 2 18 O during 14 days [63] .
In addition, the alcohol dehydrogenase used to convert retinal to retinol could potentially scramble the oxygens during the reaction with NADH, and the increased level of NAD + could exacerbate this process. More data are required to prove that the aldehyde oxygen in retinal does not exchange with the medium during this reaction.
And in experiments reportedly supporting the dioxygen mechanism [62] , the small fraction of iso-labeled aldehyde product formed constitutes weak evidence for the proposed dioxygen mechanism, even though isotopic signals were detected in almost all keto-products. Therefore, although growing bodies of data have been accumulated in this area, the question of whether CCOs employ a mono-or dioxygenase mechanism requires further investigation.
CCOs and human health
So far, three CCO members (BCO1, BCO2 and RPE65) have been identified and characterized in humans. These are key players in regulating carotenoid metabolism and thus are critical for human health. [64, 65] . Although less is known about BCO2, its protective role against carotenoid-caused oxidative stress was implied by a recent study [28] . The physiological functions of BCO1 and BCO2 have been reviewed in detail [66, 67] . RPE65 has gained much more attention because a number of mutations within the RPE65 gene are associated with a severe autosomal-recessive early-onset retinal dystrophy known as Leber congenital amaurosis (LCA) as well as other milder retinal dystrophies [68, 69] . To date, over 60 different pathogenic mutations have been found in the RPE65 gene spread over all 14 exon as well as intron regions. Although the structure of human RPE65 is currently unavailable, the bovine RPE65 structure provides us with much valuable information about how RPE65 mutations can affect visual function. Because bovine RPE65 shares 99% sequence identity with human RPE65, it appears also highly probable that both enzymes adopt virtually the same chain folds and share the same three dimensional structures. This close relationship enables us to analyze and evaluate mutational effects at a structural level. Mutations in strictly conserved iron-binding His residues or second coordination sphere Glu residues produce type II LCA or retinitis pigmentosa (RP). Because the seven-bladed b-propeller domain is the most conserved portion among CCOs and it serves as a core scaffold supporting the active center and dome of the molecule, any residue substitution causing significant conformational changes in this region should also affect function. Indeed, most disease-associated mutations occur within or adjacent to the b-propeller region, especially in blades V and VII, and relatively few exist in the helical or loop regions (Fig 8) ) within this putative membrane binding region has been shown to be substituted in a patient with RP/LCA (Fig 8) [72] .
Conclusions and perspectives
Since the first CCO member VP14 was discovered, more and more members in this family from different species have been identified and characterized, and tremendous progress has been made in defining their roles in carotenoid metabolism of living organisms. Efforts made by structural biologists and breakthroughs in structural studies are vital to further our understanding of CCOs. Well conserved and specialized structures, together with a unique iron-coordination system are all key properties that distinguish CCOs from other iron-requiring protein families. The hydrophobic tunnels found in all known CCO structures have improved our comprehension of their substrate specificity, and the hydrophobic patch also explains how CCOs extract their carotenoid/apocarotenoid substrates from a hydrophobic membrane environment.
However, many issues regarding this enzyme family remain unresolved. For example, although two isotope labeling experiments have been carried out, it is still controversial whether CCOs employ a mono or dioxygen mechanism. Detailed reaction mechanisms and the involvement of oxygen species need to be clarified. More interestingly, another emerging member named NinaB (denoting neither inactivation nor afterpotential mutant B) is of great current interest. Discovered in insect cells, NinaB combines both cleavage and isomerase activities in single CCO protein [9, 73, 74] . Therefore, in contrast to the traditional double bond cleavage activity of CCOs, the isomeroxygenase activity of NinaB and isomerase activity of RPE65 separate these specialized members from other canonical CCO family members. One promising way to study catalytic mechanisms by different CCOs is to obtain the crystal structures of definitive enzyme-substrate complexes, but this still remains a formidable experimental challenge because their native substrate(s) show a high degree of hydrophobicity and feature a relatively large size.
Though challenging, understanding the substrate specificity and catalytic mechanism of these specialized CCO members is important. Because the roles of RPE65 and BCO1/2 in human health are significant, such studies would definitely help us cope with CCOrelated diseases. Moreover, greater efforts are still needed to uncover additional CCO genes involved in the synthesis and metabolic conversions of both carotenoids and apocarotenoids. And because a growing body of evidence indicates a variety of important biological roles for these hydrophobic isoprenoid compounds, it would not be surprising if novel physiological functions for carotenoids and apocarotenoids as well as new CCO members, are discovered in the near future.
